1. Living-related liver transplantation has some advantages in the evaluation of novel clinical protocols, since many complicated factors affecting initial graft function are almost uniform in grafts obtained from healthy donors. 2. To compare histidine-tryptophan-ketoglutarate (HTK) and University of Wisconsin (UW) solution in terms of tissue oxygenation in living-related liver transplantation, oxygen saturation of haemoglobin (SOz) in hepatic tissue and its heterogeneity (CV, coefficient of variation) were measured by nearinfrared spectroscopy. The HTK and UW groups consisted of 15 and 49 successful transplants respectively, in which no statistical differences in background were observed. 3. In the HTK group, hepatic SO2 after portal vein reflow was higher (P<O.Ol) than that in the UW group, as was that after hepatic artery reflow (P < 0.05). In the UW group, hepatic SOz remained at the lower level a t the end of the operation. 4. Furthermore, the increase in CV after portal vein reflow was normalized after hepatic artery reflow in the HTK group. However, the CV remained at a high level at the end of the operation in the UW group. 5. Postoperative peak aspartate aminotransferase level in the HTK group was lower than that in the UW group (P < 0.05).
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6. In cadaveric liver transplantation, higher hepatic SO2 and lower CV of hepatic SOz in the early phase after reperfusion compared with the UW group (n = 18) were also observed in the HTK group (n = 30) (P < 0.05).
7.
In conclusion, recovery of tissue oxygenation and its heterogeneity after reperfusion in HTK-preserved livers were more rapid and homogeneous than in UW-preserved livers in living-related liver transplantation. Accordingly, HTK solution may be a potential alternative to UW solution.
INTRODUCTION
Histidine-tryptophan-ketoglutarate (HTK) solution has undergone widespread clinical testing in procurement of the heart and kidney for transplantation [l] . One of the reasons for focusing on hepatic preservation with HTK solution is to proceed with only one solution for the preservation of all organs. However, the clinical protective effect of HTK solution in cold preservation injury of liver grafts has been studied in only a few European centres [2, 31, since University of Wisconsin (UW) solution is at present a gold standard in liver preservation [4] . The only prospectively randomized study suggested that both HTK and UW solutions are appropriate for clinical use in liver transplantation [2] . However, it is difficult to evaluate accurately the influences of preservation solution on graft function, survival rate and complications, since many complicated factors, such as preharvesting injury and preservation injury, affect organ quality in cadaveric donors. In contrast, many of these factors are uniform in living-related liver transplantation (LRLT). Thorough preoperative evaluation of the living-related donor, a good histocompatible match between recipient and parent, a harvesting technique without interruption of blood supply to the graft segment and standardized cold ischaemic time ensure excellent graft viability and can prevent initial poor functioning of the grafted liver [5-81. Therefore, LRLT is appro- priate for the assessment of clinical protocols, including preservation solution.
Since early failure of the hepatic microcirculation due to preservation/reperfusion injury is a crucial factor in liver transplantation [9, lo] , it is worth evaluating the circulation status in the liver sinusoid after reperfusion. Previous studies have demonstrated the utility of near-infrared (NIR) spectroscopy, in which NIR light can penetrate deep into tissue, in detecting the oxygen saturation of hepatic tissue haemoglobin (hepatic SO4 as an indicator of tissue oxygenation [ l l , 121. Since analysis of failed cases in LRLT showed that low SO2 and high coefficient of variation (CV) indicate hypoxia and heterogeneous tissue oxygenation due to microcirculatory failure after reperfusion, extracellular oxygen supply and circulation status can be evaluated by a combination of these parameters using haemoglobin as an index [12- 141. Thus, we evaluated hepatic microcirculation in the grafts perfused with HTK or UW solution in LRLT using NIR spectroscopy. In addition, to confirm the beneficial effects of HTK solution, we also performed a comparative study with HTK and UW solution in cadaveric liver transplantation in which cold ischaemic time is much longer than that in LRLT.
PATIENTS AND METHODS

Subjects studied
Data on subjects involved in an LRLT study performed in Kyoto University Hospital are summarized in Table 1 . The HTK and UW group consisted of 15 and 49 successful liver transplants respectively, in which spectrophotometric measurements were performed. Indications for LRLT were biliary atresia in 54 cases, intrahepatic cholestasis in 3 cases, Wilson's disease in 2 cases, fulminant hepatic failure in 2 cases, Alagille syndrome, cryptogenic cirrhosis No statistically significant differences in the parameters of recipient, donor or graft were observed between the two groups, except for the graft weight to recipient's body weight ratio and warm ischaemic time. Grafting procedure and intraoperative management were performed as described elsewhere [15] . HTK or UW solution was perfused via aorta and portal vein (i.e.
approximately 20 1 and 4 I, for HTK and UW respectively). In LRLT, group HTK and UW solutions were randomized. In the cadaveric group the harvesting donor surgeon decided which solution was used. Sometimes the organs were even shipped from other centres. The basic immunosuppression regimen in Kyoto University Hospital and Medizinische Hochshule Hannover has been described previously [lo, 161. Acute rejection was diagnosed by clinical signs such as fever, an increase of transaminases and bilirubin, with or without morphological signs of rejection in core biopsy in LRLT, and in graft aspiration cytology and/or core biopsy in cadaveric liver transplantation. These studies were approved by the local committee on Medical Ethics and performed in accordance with the ethical standards set down in the 1964 Declaration of Helsinki. The informed consent of participants was obtained.
NIR spectroscopy
Oxygen saturation in the liver sinusoid was measured to evaluate tissue oxygenation. A Multichannel Photodetecter 1000 (Otsuka Electronics, Osaka, Japan) was used to analyse a continuous wave spectrum of the liver every 2 nm from 700 to 1000 nm [ll, 121. Two quartz fibres connected to a light source and photodiode array were brought into contact with the surface of the liver. After correction of the deformed absorption spectrum, multicomponent curve-fitting analysis was performed for quantification of oxyhaemoglobin (oxyHB) and deoxyhaemoglobin (deoxyHB) by the following equation:
where L(A) and &1-6(/2) are the mean light pathlength and absorption coefficients respectively. The liver, which was perfused with HTK or UW solution, was used as haemoglobin-free liver. SOz was calculated using the following equation:
). In LRLT, hepatic SOz was measured at ten given points on the graft liver at four periods: before harvesting (in the donor), after reperfusion of the portal vein (around 30 min after reperfusion), after reperfusion of the hepatic artery (around 2 h after reperfusion), and before closure of the abdominal wall (around 5 h after reperfusion). In cadaveric liver transplantation, hepatic SOz was determined at 12 points on the liver after systemic circulation was stabilized (around 30 min after reperfusion; early phase) and before the abdominal wall was closed (around 2h; late phase). All the measurements in Hannover were done under double blood supply of the portal vein and hepatic artery. The heterogeneity of distribution of SOz at 10 or 12 points was expressed as CV (%) [(SD/mean) x 1001. Arterial gas analysis and haemoglobin measurements were done at the same time as hepatic SO2 sampling in both studies, We measured the conventional parameters, such as AST and alanine aminotransferase, in the postoperative course. Furthermore, serum glutamate dehydrogenase was measured as a parameter of hepatic mitochondria1 injury [17] in cadaveric liver transplantation, as well as factor V and total ketone body concentration (acetoacetate+P-hydroxybutyrate) as the metabolic capability of the graft.
Statistical analysis
Factors of time course and preservation solution were analysed by one-way and two-way analysis of variance with paired or unpaired t-test. The chisquare test was performed for categorical parameters. P values of less than 0.05 were regarded as statistically significant. The values are expressed as means k SEM.
RESULTS
Sixty-seven patients were studied for measurement by NIR spectroscopy. Among them, two patients in the UW group who experienced early death were excluded, because these patients died within a week after the operation due to technical problems and associated vascular accidents. In the case of early death due to prolonged warm ischaemia of 160 min, the mean SOz was still low at 9.2% at the end of the operation, while the CV of SOz at the end was high at 84%. In the case of early death due to portal vein thrombosis, the mean SO;? was 0% after reflow of the portal vein and barely recovered to 30% after reflow of the hepatic artery. If these two patients were included in this comparative study, the differences between the HTK and UW groups with respect to mean SO2 and CV of SOZ would have become more pronounced. Therefore, we excluded the two patients described above from the comparative study with preservation solution. There were no cases of primary non-function in this LRLT study.
Figure l(a) shows the intraoperative changes in the mean value of SO2 at 10 points in the grafted liver in the HTK and UW groups in LRLT. Preser-vation solution and time course factors in the UW group were statistically significant. In the UW group, the mean SO2 decreased from the control value in the donor of 81.2+1.5% to 55.0+3.0% after reflow of the portal vein. The value remained at the low levels of 68.4k2.8 and 73.2,2.0% after reflow of the hepatic artery and at the end of operation respectively. In contrast, in the HTK group, decrease of the mean SO2 after reflow of the portal vein was small, 72.5 +3.9%, compared with the control value in the donor of 80.6+2.0%. The mean SO2 after reflow of the hepatic artery in the HTK group was significantly (P < 0.05) higher than that in the UW group, as was that after reflow of the portal vein (P< 0. groups were observed. Figure l(b) shows the changes in the CV of SO2 at 10 points, which indicates heterogeneity of tissue oxygenation. The time course factor was significant both in the UW and HTK groups. In the UW group, the CV of SOz increased from the control value of 5.4+0.3% to 31.9+5.3% after reflow of the portal vein, and remained at the high levels of 15.4+3.0% and 9.9+1.3% after reflow of the hepatic artery and at the end of operation respectively. In contrast, in the HTK group the CV of SO2 increased from the control value of 8.3 +2.0% to 20.1 f4.9% after reflow of the portal vein, but normalized after reflow of the hepatic artery. There was a correlation between peak AST and mean hepatic SO2 or CV of hepatic SO2 after reflow of the hepatic artery in LRLT (Figure 2 ). Also, correlations between peak alanine aminotransferase and mean hepatic SO2 or CV of hepatic SO2 after the hepatic artery were observed. It has been reported that not only low and heterogeneous hepatic ,302, but also high and homogeneous hepatic S02, were observed in the patients with 
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poor graft function in cadaveric liver transplantation [14] . The microcirculation status in primary nonfunctioning livers is potentially different from that in functioning grafts. These paradoxical elevations of hepatic SO2 in poor graft function were observed in 6 patients (4 patients in the HTK group and 2 patients in the UW group) during the period of this cadaveric liver transplantation study. If the patients with primary non-function were included in this study, the mean hepatic SO2 would be higher and the CV of SO2 would be lower in the HTK group. The differences would become larger between the two groups. However, inclusion of the patients with the primary non-function might lead to confusion in evaluating tissue oxygenation after reperfusion. Therefore, 4 patients in the HTK group and 2 patients in the UW group with primary non-function, were excluded from this cadaveric liver transplantation study. There was no significant difference in the incidence of primary non-function between the two groups. Figure 3 (a) shows the intraoperative changes in the mean value of hepatic tissue SO2 in cadaveric liver transplantation. The mean level of hepatic tissue SOz at the early phase in the HTK group was high, 75.4&5.1%, as compared with the value of 51.3&8.7% in the UW group (P<0.05). Figure 3(b) shows the changes in the CV of SO2 at 12 points as a marker of heterogeneity of SOz. The CV of SO2 in the early phase in the HTK group was lower than that in the UW group (11.5f1.2 compared with 19.1f4.5%, P <0.05). No significant difference in Pa02 and the content of the haemoglobin in the two groups was observed. Figure 4 shows the raw graphical data of cold ischaemic time compared with AST or mean hepatic SO2 at the late phase. Table 3 shows postoperative parameters in livingrelated and cadaveric liver transplantation. The peak AST levels in the HTK group were lower than those in the UW group in LRLT. In cadaveric liver transplantation, the peak levels of glutamate dehydrogenase, corrected by graft weight to recipient weight ratio, in the HTK group were lower than those in the UW group. Table 4 shows more clinical data in cadaveric liver transplantation. Total ketone body concentration 6 h after reperfusion in the HTK group was significantly higher than that in the UW group. The period spent in intensive care for the UW group was much longer than for the HTK group. In cadaveric liver transplantation, there were no significant differences between the two groups in the frequency of rejection within 2 weeks (30% compared with 33% for HTK and UW respectively). Six patients (20%) and five patients (26%) in the HTK and UW groups respectively died within 1 month after the operation.
Furthermore, to investigate the influences of longterm preservation on tissue oxygenation we also compared HTK (n = 15) and UW (n = 14) solution in cadaveric liver transplantation in which cold ischaemic time exceeded 10 h (cold ischaemic time, T P<0. 05 13.1 f0.6 and 13.3 f0.5 h for HTK and UW respectively). No statistically significant differences in background were observed. The mean level of hepatic tissue SO2 at the early phase in the HTK group was significantly different from that in the UW group (83.4 f 3.4 compared with 69.0 k5.8%, P < 0.05). However, there was no statistically significant difference in the CV of hepatic SO2 at early phase between the two groups (11.6f1.9 compared with 20.1 f 4.8% for HTK and UW respectively). There was no significant difference in the postoperative parameters between the two groups.
DISCUSSION
Tissue oxygenation and subsequent oxidation of intracellular components play a key role in successful organ transplantation, since cold preservation shifts the cellular components towards reduction and since aerobic metabolism supports cellular integrity and functions after reperfusion [18] . Preservation/reperfusion induces microcirculatory disturbances through generation of oxygen free radicals and subsequent release of chemical mediators.
We have evaluated the graft oxygenation state after reperfusion, using NIR spectroscopy, in relation to ABO blood-type incompatibility, graft size-matching, early rejection and poor graft function [lo, 12-14]. In these studies with NIR spectroscopy, the mean hepatic SO2 was significantly lower in cases of decreased portal flow, and there was a positive correlation between portal flow rate and hepatic S02. The higher CV values of hepatic SO2 in cases of decreased portal flow indicated heterogeneous tissue oxygenation. In addition, lower hepatic SO2 and higher CV values after reperfusion in failed cases of transplantation in the ABO-incompatible group would be attributed to disturbed microcirculation with antibody-mediated coagulopathy [13] . In cadaveric liver transplantation, the incidence of primary non-function and initial poor function has been reported to be as much as 6 and 15% respectively [19] . Primary non-function is probably most often caused by the presence of multiple relative risk factors. The major donor-relative risk factors are moderate steatosis, prolonged cold preservation and high donor age. These multiple complicated factors affect graft quality and make assessment of the preservation solution difficult. However, in LRLT these several factors affecting deterioration of graft function are minimized within a narrow range. In particular, our harvesting procedure in LRLT maintains blood flow to the liver graft before in situ perfusion and shortens the period of cold and warm ischaemia [7] . Although prospectively randomized clinical studies of two treatment groups are necessary for comparison, a comparative study in LRLT may be an ideal 'experimental' study for assessment of preservation solution. The present study in LRLT clearly shows that recovery of tissue oxygenation and its heterogeneity after reperfusion in the HTK group was more rapid and homogeneous than in the UW group, and that hepatocellular injury, estimated by AST, was less marked in the HTK group.
Since cold ischaemic time is a few hours in LRLT, cold preservation injury is minimal. Therefore, we investigated whether the superiority of HTK over UW solution in tissue oxygenation after reperfusion is also present in cadaveric transplantation with longer cold ischaemic time and in adult cases with potentially more graft injury before harvesting. The results have shown that, regarding tissue oxygenation, HTK solution was superior to UW solution in cadaveric liver transplantation as it was in LRLT. From the postoperative parameters, HTK solution was as effective as UW solution in spite of a rather larger graft weight to recipient's body weight ratio and longer warm ischaemic time in the HTK group. Thus, our study in cadaveric liver transplantation suggests that HTK solution as well as UW solution is appropriate for clinical use in liver transplantation, even if cold ischaemic time is longer than 10 h. However, the maximum cold ischaemic time in this study was 19.25 h in the HTK group and 17.43 h in the UW group. We did not arrive at any definitive conclusions for the cases with more prolonged cold ischaemic time.
The composition of HTK solution is completely different from that of UW solution, although both solutions seem to serve a similar purpose in preserving organ functions and protecting against cellular swelling. HTK solution has the following characteristics: it contains a much lower concentration of potassium (10 mmol/l) than UW solution (120 mmol/l), and the viscosity index of HTK solution is reported to be 0.8 at normothermia and 3.0 at 5"C, while that of UW solution is 3.0 at normothermia and 9.0 at 5°C [2] .
Moen et al. [20] have shown that the high-Na+ and low-K+ version of the UW solution appears equally or slightly more effective for 48 h canine liver preservation than the original high-K+ and lowNa+ UW solution [20] . The use of hyperkalaemic preservation solutions such as UW solution, in contrast to hypokalaemic preservation solution such as HTK solution, creates two problems: the potential for K+-induced vasospasm and injury to endothelial cells and the systemic overload of K+. High K+-containing solutions can induce severe endothelial damage by depolarization of membrane-bound ion pumps, leading to rapid endothelial cell swelling In both of these studies, the amount of perfused HTK solution was much more than that of UW solution due to the different viscosity, although liver grafts were perfused for the same amount of time. It has been reported that livers flushed with HTK solution had lower residual blood cell content than livers flushed with UW solution [21] . At the end of flushing with HTK solution no traces of blood were found in the effluent fluid, although after flushing with UW solution the wash-out of blood cells was insufficient. Therefore, HTK solution might have a higher perfusion effect with respect to flushing than [201* UW solution, resulting in the observed rapid initiation of microcirculation in the graft in the HTK group and the lower postoperative elevation of AST in the HTK group.
In LRLT, cold preservation time was shorter than that in cadaveric liver transplantation, since donor operation was performed in parallel with recipient operation. HTK solution is superior to UW solution in terms of microcirculation in LRLT. Furthermore, in cadaveric liver transplantation, HTK solution has beneficial effects on tissue oxygenation in the grafts. These effects would protect the grafts from preservation/reperfusion injury, as estimated by hepatic enzyme release. However, experimental data have not been able to substantiate better results with longer preservation times (48 h) in canine liver transplantation [22] . In conclusion, HTK solution is a potential alternative for UW solution. However, for a proper and conclusive comparison a controlled study in liver transplantation has to be performed.
